We report the detection of OH + and H2O + in the z = 0.89 absorber toward the lensed quasar PKS 1830−211. The abundance ratio of OH + and H2O + is used to quantify the molecular hydrogen fraction (fH2) and the cosmic-ray ionization rate of atomic hydrogen (ζH) along two lines of sight, located at ∼ 2 kpc and ∼ 4 kpc to either side of the absorber's center. The molecular fraction decreases outwards, from ∼ 0.04 to ∼ 0.02, comparable to values measured in the Milky Way at similar galactocentric radii. For ζH, we find values of ∼ 2 × 10 −14 s −1 and ∼ 3 × 10 −15 s −1 , respectively, which are slightly higher than in the Milky Way at comparable galactocentric radii, possibly due to a higher average star formation activity in the z = 0.89 absorber. The ALMA observations of OH + , H2O + , and other hydrides toward PKS 1830−211 reveal the multi-phase composition of the absorbing gas. Taking the column density ratios along the southwest and northeast lines of sight as a proxy of molecular fraction, we classify the species ArH + , OH + , H2Cl + , H2O + , CH, and HF as tracing gases increasingly more molecular. Incidentally, our data allow us to improve the accuracy of H2O + rest frequencies and thus refine the spectroscopic parameters.
Introduction
Hydrides, that is, molecules or molecular ions containing a single heavy element with one or more hydrogen atoms, are formed in the interstellar medium (ISM) from the initial chemical reactions starting from atomic gas, making them fundamental to interstellar chemistry. Their rotational spectrum starting at submm/FIR wavelengths (a few exceptions, such as H 2 S and H 2 Cl + , have ground-state transitions in the millimeter band) makes them difficult or even impossible to study from the ground. For this reason, many hydrides have only recently been detected in the ISM (see the review by Gérin et al. 2016 ).
The two species of interest here, hydroxylium (OH + ) and oxidaniumyl (H 2 O + ), were first detected in the Galactic interstellar medium by Wyrowski et al. (2010) with the Atacama Pathfinder EXperiment (APEX) telescope, and by Ossenkopf et al. (2010) with the Herschel Space Observatory, respectively. These two species, and the third oxygen-bearing ion in the family, hydronium (H 3 O + ), are formed from O + by successive hydrogen abstraction reactions with H 2 . There can also be a significant contribution from the H + 3 +O reaction, in any place where the molecular fraction is relatively high. OH + and H 2 O + are destroyed by dissociative recombination with electrons and by reactions with H 2 . H 3 O + does not react with H 2 and is mostly destroyed by dissociative recombination. The relative abundances of these species are thus controlled by the molecular hydrogen fraction and cosmic-ray ionization rate (Hollenbach et al., 2012) , providing a powerful diagnostic of these two quantities. Indriolo et al. (2015) + are primarily tracing gases with a low molecular hydogen fraction (f H2 = 2 × N (H 2 )/[N (H) + 2 × N (H 2 )]) of a few percent. They also determined the cosmic-ray ionization rate of atomic hydrogen (ζ H ) across the Galactic disk and found an average ζ H ∼ 2 × 10 −16 s −1 that shows little variation over the disk outside of Galactocentric radii of Yang et al. 2013; González-Alfonso et al. 2013) , including detections at very high redshift (Weiß et al., 2013; Riechers et al., 2013) . González-Alfonso et al. (2013) report ionization rates toward Arp 220 and NGC 4418 comparable to, or possibly higher than, values in the Galactic center.
Although the Herschel Space Observatory is no longer in operation, it is now possible to extend the studies of these hydrides to other galaxies, e.g., with the Atacama Large Millimeter/submillimeter Array (ALMA). The molecularline rich absorber at z = 0.89 located in front of the quasar PKS 1830−211 is certainly a prime target in this prospect. PKS 1830−211 is lensed by the absorber, a nearly face-on typical spiral galaxy (e.g., Wiklind & Combes 1998; Winn et al. 2002; Koopmans & de Bruyn 2005) . Molecular absorption is seen along the two independent lines of sight toward the southwest and northeast images of the quasar, at galactocentric radii of ∼ 2 kpc and ∼ 4 kpc in opposite directions from the center of the absorbing galaxy, respectively. The apparent size of the lensed images of the quasar is a fraction of a milliarcsecond at mm wavelengths (Jin et al. 2003) . The volume of gas seen in absorption in each line of sight is thus roughly enclosed in a cylinder with a base of < 1 pc in diameter and a depth of a few tens to hundreds of pc, depending on the inclination (i = 17
• − 32 • , Koopmans & de Bruyn 2005) and the thickness of the absorber's disk. More than forty molecular species have been detected toward the southwest image, where the H 2 column density is ∼ 2 × 10 22 cm −2 (e.g., Muller et al. 2011 Muller et al. , 2014a (Müller et al., 2015) , as well as HF .
Observations
We observed the OH + N =1-0 J=1-0 line (two hyperfine components at a rest frequency near 909 GHz) redshifted into ALMA band 8 and the p-H 2 O + J Ka,Kc =1 1,0 -1 0,1 transition (four fine-structure components at rest frequencies 604, 607, 631, and 634 GHz) redshifted into band 7. We complement this dataset with contemporary observations of some other hydrides, collected at several epochs in Cycles 1, 2, and 3, between 2014 and 2016 (see Table 1 ). The array was always in a configuration providing a synthesized beam resolution better than 0.5 ′′ , sufficient to resolve the two point-like lensed images of PKS 1830−211, separated by 1 ′′ . The correlator was set up with spectral basebands of 1.875 GHz, providing a velocity resolution of ∼ 0.6-1.0 km s −1 . For each epoch, the bandpass response of the antennas was calibrated from observations of the bright quasar J1924−292, with J1832−2039 being used for primary gain calibration. The data calibration was done with the CASA 1 package. We further improved the data quality using self-calibration on the bright continuum of PKS 1830−211. The spectra were then extracted toward both lensed images of PKS 1830−211, using the CASApython task UVMULTIFIT (Martí-Vidal et al., 2014) in order to fit a model of two point sources to the visibilities.
The absorption spectra of OH + (909 GHz) and H 2 O + (the strongest fine-structure transition at 607 GHz) toward PKS 1830−211 are shown in Fig. 1 , together with spectra of some other species for comparison. The OH + radical has a 3 Σ − ground vibronic state with two unpaired electrons. The spin-spin coupling causes fairly large fine structure splittings. The spin of the H nucleus causes additional hyperfine structure (HFS) splitting. The transition frequencies of the N =1-0 transition were recorded by Bekooy et al. (1985) with ∼ 1 MHz accuracy. The THz spectrum of OH + has recently been revised by Markus et al. (2016) and frequencies of the N =1-0 rotational transitions are predicted with an accuracy better than 1 MHz (i.e., < 0.3 km s −1 ). The J=0-1 fine structure (FS) component near 909 GHz is the weakest FS component and thus least prone to be affected by optical depth effects. Its HFS splitting (two components) is slightly larger than 100 MHz. The dipole moment, µ OH + = 2.3 D, is from a quantum chemical calculation (Werner et al., 1983) . The spectroscopic details were obtained from the Cologne Database for Molecular Spectroscopy (CDMS) 2 .
H 2 O +
The H 2 O + radical is an asymmetric top molecule with one unpaired electron which results in a 2 B 2 ground vibronic state. The two H nuclei give rise to HFS for rotational levels with K a +K c being even (I tot = 1; ortho) whereas those with K a +K c being odd (I tot = 0; para) do not display HFS. The dipole moment is µ H2O + = 2.4 D (Weis et al., 1989) . The initial spectroscopic data were taken from the CDMS, where it was noted that existing laboratory measurements are not of microwave precision. As shown in Fig. 2 (left) and Table A .1, the frequencies provided in the CDMS agree with our observations well enough for identification, but are not adequate for detailed kinematical analysis of the line profiles. Therefore, we decided to revise the rest frequencies of the four FS components of p-H 2 O + observed with ALMA (Sec. 4.2) and update the H 2 O + entry in the CDMS (see Appendix A).
Results and discussion

Observed spectra
The OH + absorption profiles are deep in both lines of sight toward PKS 1830−211. They do not seem to be saturated, as there is no sign of a flattening of the profile bottom, as is the case for H 2 O, for example. Toward the southwest image, a broad (∼ 100 km s −1 , full width at zero power, FWZP) and deep (optical depth, τ ≥ 3) absorption component is seen near v = 0 km s −1 , and the weak and narrow velocity component at v = +170 km s −1 (see Muller et al. 2011 Muller et al. , 2014a ) is also detected. Toward the northeast image, absorption occurs in a series of narrow components throughout the velocity interval between −300 and −100 km s −1 . The maximum absorption depth toward the northeast image implies that the continuum covering factor is larger than 50%. This is the deepest molecular absorption detected along this line of sight, so far.
The three FS transitions of the p-H 2 O + 1 10 − 1 01 line at 604, 607, and 631 GHz (rest frame) were observed simultaneously in the same tuning for the southwest image. The northeast absorption was out of the band for the 631 GHz transition. The 634 GHz transition was observed approximately one year later (Table 1) , as reported by Müller et al. (2015) , with very minor variations apparent in the line profile compared to the other FS transitions observed in 2014. The optical depths of the four p-H 2 O + FS lines toward the southwest image follow the relative line strengths given in Table 3 , as expected when the sublevels are populated in proportion to their statistical weights (see Fig.2 ).
Evaluation of H
The frequencies for the p-H 2 O + lines in the CDMS (version 1) have uncertainties of a few MHz. Using them, we see that our four lines do not match each other precisely in velocity, see Fig.2 Table 2 . With the new frequencies in Table 3 , the match of the four FS lines is clearly improved with respect to the CDMS frequencies (Fig.2, right) . We note that the relative frequency offsets between p-H 2 O + FS transitions, determined from the cross-correlations, are robust, but that their absolute frequencies are limited by potential chemical segregation and velocity offsets between p-H 2 O + and o-H 2 O. This was not taken into account in the frequency uncertainties in Table 3 . More precise and accurate H 2 O + frequencies would require laboratory microwave measurements.
Time variations
Time variations can be a concern for PKS 1830−211 when comparing observations taken at different epochs since the absorption line profiles are known to have variations over a timescale of a few months, related to intrinsic morphological changes in the quasar's jet (Muller & Guélin, 2008; Muller et al., 2014a; Schulz et al., 2015) . For example, Very Long Baseline Array measurements at 43 GHz by Jin et al. (2003) revealed that the apparent separation between the NE and SW cores varied by up to 200 µas, that is, approximately 1.6 pc projected on the plane of the absorber, within Table 3 . The 607 GHz line profile has been scaled down by the ratios of relative strengths. Between 2014 and 2016 (the time span of the observations presented here), we have obtained several spectra of the H 2 O 557 GHz and CH 532/536 GHz lines (Fig. 3) . Toward the southwest image, the CH spectra show only minor changes of less than 6% of the total integrated opacity. The wings of the saturated line of H 2 O show the most significant variations in the 2016 spectrum, with an increase of approximately 50% of the integrated opacities in the velocity ranges −20 to −60 km s −1 and 20 to 80 km s −1 , with respect to 2014. Those are small, however, compared to the total integrated opacity over the whole line. Toward the northeast image, the relative variations of the total integrated opacity of the water line (in the velocity interval −240 to −80 km s −1 ) are less than 15%. We therefore conclude that time variations do not significantly affect the results presented here.
Column densities
In order to determine the column densities from observations of a single rotational transition of sity of n(H 2 ) ∼ 1000 cm −3 (i.e., the order of magnitude estimated toward the southwest image of PKS 1830−211, Muller et al. 2013) , the destruction rate of OH + is approximately 10 −6 s −1 . This is equal to the rate at which OH + absorbs background radiation in the two 909 GHz lines, 1.08×10 −6 s −1 , when the cosmic microwave background (CMB) at z = 0.89 has T CMB = 5.14 K . That is, OH + is not solely excited by the CMB photons; formation and destruction processes are comparable in importance at a density of the order of 1000 cm −3 . As long as the destruction rate is not dependent on the FS state, then the excitation temperature will probably closely approximate T CMB . The corresponding radiative rates in H 2 O + are approximately 20 times higher than the reactive destruction rate at a density of 1000 cm −3 , therefore, H 2 O + is probably more strongly coupled to the CMB. Since we actually expect OH + and H 2 O + to be present in the more diffuse phase, that is, at a density of < 1000 cm −3 , we will assume that their excitation temperature (T ex ) is locked to the temperature of the cosmic microwave background, T CMB = 5.14 K. If T ex (OH + ) > 5.14 K, the OH + column density would rise, and the values determined here would be lower limits.
In addition, we assume an ortho/para ratio, OP R, of 3 for H 2 O + . Tanaka et al. (2013) looked into the ortho to para exchange from the spectroscopic point of view. They found several transitions that could facilitate such an exchange. They concluded, however, that the exchange rates are rather low such that significant alterations of the OP R are unlikely, especially at low temperatures. Schilke et al. (2013) age (Table 4) . This is consistent with the expectation that they preferentially trace a diffuse gas component, almost purely atomic in the case of ArH + . The SW/NE column density ratios for these species are between two and four, while for CH and various (nonhydride) species detected in a 7 mm spectral scan with the Australia Telescope Compact Array (ATCA), Muller et al. (2011) found an average ratio of more than one order of magnitude between the two lines of sight.
The molecular hydrogen fraction derived from the ratio of OH + and H 2 O + is f H2 ∼ 0.02-0.04 in both lines of sight (see Sec.4.5). This gas component is completely different from that traced by molecules such as HF, H 2 O, CH, HCN, HCO + , for which the molecular fraction is much higher. More evidence for chemical differentiation along the southwest line of sight comes from the detection of CF + , which has a singular line profile compared to other species observed in the same tuning.
With these ALMA observations of hydrides, we are now starting to identify and disentangle the different gas components in the two absorbing pencil beams in the z = 0.89 galaxy. The simple comparison of the SW/NE abundance ratios in Table 4 suggests that the sequence of hydrides, ArH + , OH + , H 2 Cl + , H 2 O + , CH, and HF, traces gas with an increasing molecular fraction. Kawaguchi et al. (2016) ; g) The column densities of H2 were derived using CH and H2O as proxy, assuming canonical molecular abundances.
Fraction of molecular hydrogen
With the fraction of molecular hydrogen defined as
we need estimates of the total column densities of H I and H 2 to get average f H2 values along the absorbing sightlines. The H I spectrum toward PKS 1830−211 has been obtained by Chengalur et al. (1999) and Koopmans & de Bruyn (2005) , although with the radio-cm continuum illumination (NE and SW images embedded in the pseudo-Einstein ring) unresolved. Koopmans & de Bruyn (2005) did a modeling of the H I absorption spectrum, assuming a thin axisymmetric disk in the lensing galaxy and using the quasar radio continuum resolved at higher frequencies. They estimate H I opacities of 0.064 and 0.128 toward the southwest and northeast images, respectively, that is, H I column densities of 1.3 × 10 21 × Ts 100 K cm −2 and 2.5 × 10 21 Ts 100 K cm −2 . We further adopt T s = 100 K, although it could be marginally higher (e.g., Dickey et al. 2009; Curran et al. 2016) . Concerning the H 2 column densities, we take the values derived by Muller et al. (2014a) (Sheffer et al., 2008; Gérin et al., 2010) . Accordingly, we obtain f H2 ∼ 0.97 and 0.44 along the SW and NE lines of sight, respectively. These values are somehow uncertain, since the H I column densities may have been underestimated. Still, they are consistent with the fact that a large number of molecules is detected toward the almostpurely-molecular v ∼ 0 km s −1 velocity component along the southwest line of sight (e.g., Muller et al. 2011 ), in contrast to the northeast line of sight which is relatively more diffuse, as indicated by the relative enhancement of OH + , ArH + , H 2 O + , and H 2 Cl + . Since the formation and destruction of OH + and H 2 O + are controlled by simple abstraction reactions with H 2 and dissociative recombinations with electrons, their abundance ratio can be used as a local measurement of the fraction of molecular gas, as shown by Hollenbach et al. (2012) . The analytical expression of f H2 (see Eq.12 from Indriolo et al. 2015) scales linearly with the fractional abundance of electrons, x e , and also depends on the gas kinetic temperature, T kin , via the rate coefficients for dissociative recombination of OH + and H 2 O + with electrons (taken from the UMIST Database for Astrochemistry 5th release; McElroy et al. 2013 ). x e cannot be constrained from our data and so, we adopt the same value as Indriolo et al. (2015) , x e = 1.5 × 10 −4 , which comes from C + observations in the Milky Way. A different metallicity in the z = 0.89 absorber (which is yet unknown) could potentially affect x e ; however, the chemical abundances of the molecular species observed toward PKS 1830−211 are comparable to those in Galactic diffuse and/or translucent clouds (Muller et al. 2011) . For the kinetic temperature, we assume a canonical value of 100 K, close to that determined by Muller et al. (2013) toward the SW image, and identical to that taken by Indriolo et al. (2015) for all their Galactic clouds. With these assumptions for x e and T kin and the OH + /H 2 O + ratios from Table 4 , we obtain f H2 = 0.04 in the southwest line of sight and f H2 = 0.02 in the northeast one. Varying the kinetic temperature in the range 30-300 K would only change f H2 between 0.02-0.07 and 0.01-0.04, for the SW and NE lines of sight, respectively.
These values are much lower than the average f H2 derived above, indicating that OH + and H 2 O + are found in a gas component with a very low H 2 fraction. OH + and H 2 O + provide the H 2 fraction in the regions where they reach their maximum abundance, which can be the regions where H I is the main hydrogen species. The similarity (only a factor of two) between the molecular fractions f H2 derived from OH + /H 2 O + along the NE and SW lines of sight, despite the known difference in their cloud type populations and in galactocentric distance, is remarkable, as well as the similarity with f H2 values obtained by Indriolo et al. (2015) in the Milky Way. It may be related to the fact that OH + and H 2 O + trace a low-f H2 , diffuse gas regime which is always present along these lines of sight. The difference in mean molecular fraction appears more clearly in other tracers, more sensitive to the bulk of molecular gas, such as CH or H 2 O. Indeed, the difference in line profile between these species toward PKS 1830−211 shows that they are not fully mixed (see also the results of the Principal Component Analysis of the Galactic line of sight toward W31C presented by Gérin et al. 2016, their Fig. 6 ). The profile of the H 2 O + line has broader wings than that of the H 18 2 O line, which is expected to trace the densest clouds, but is narrower than the ArH + line, which traces the almost purely atomic component. This forms a coherent scenario where multi-phase gas components have different scale heights in the disk of the lensing galaxy that is seen approximately face-on.
Cosmic-ray ionization rate of atomic hydrogen
The abundance ratio of OH + and H 2 O + can also be used to infer the cosmic-ray ionization rate of hydrogen, ζ H (Hollenbach et al., 2012; Indriolo et al., 2015) . The analytical expression of ζ H (Eq.15 from Indriolo et al. 2015) requires f H2 and x e , as well as the H I column density (Table 4 ) and the volume density of hydrogen, n H . This latter quantity cannot be constrained from our data, and so we adopt the same value as Indriolo et al. (2015) , n H = 35 cm −3 (resulting from a pressure equilibrium statement) for both NE and SW lines of sight, as well as the same efficiency factor ǫ = 0.07 as Indriolo et al. (2015) , which takes into account the fact that not all hydrogen ionization results in the formation of OH + .
With these values, we obtain ζ H ∼ 2 × 10 −14 s −1 and ∼ 3 × 10 −15 s −1 for the southwest and northeast lines of sight, respectively, that is, a decrease by a factor of six between 2 and 4 kpc (assuming that x e and n H are the same). This gradient of ζ H is consistent with that observed in the Milky Way (Indriolo et al., 2015) . If we roughly interpolate between the few Galactic measurements by Indriolo et al. (2015) at galactocentric radii 0-5 kpc, we find that our values of ζ H in the z = 0.89 absorber are slightly higher than in the Milky Way (Fig. 4) , although this could be due to uncertainties (assumptions of x e , n H , covering factor, co-spatiality of species) and/or the small number of measurements in Galactic clouds in the inner 5 kpc. We speculate that a higher ζ H in the z = 0.89 absorber could be related to a higher average star formation activity than in the Milky Way. Indeed, the differences in elemental isotopic ratios between the z = 0.89 absorber and the Milky Way (e.g., 32 S/ 34 S, Muller et al. 2006 ; 36 Ar/ 38 Ar, Müller et al. 2015) already implied that the former experienced phases of high mass star formation.
One possible caveat as pointed out by Hollenbach et al. (2012) : when the ionization rate is extreme in Galactic terms, ζ H ≥ 10 −15 s −1 , the electron abundance grows beyond the carbon abundance limit owing to ionization of hydrogen. As a result, OH + and H 2 O + molecules can be destroyed mainly by electrons rather than H 2 , favoring OH + , with less dependence on the molecular fraction. With such high ionization rates, it would no longer be appropriate to assume an electron fraction as low as 1.5 × 10 −4 and the estimates of f H2 and ζ H from the abundance ratio of OH 
Summary and conclusions
We present ALMA observations of OH + and H 2 O + along two independent sight lines in the z = 0.89 absorber toward the quasar PKS 1830−211. We find:
-OH + and H 2 O + are both detected along the two lines of sight and, by comparison with other hydrides, show evidence for a multi-phase gas composition in the absorbing gas.
-The column density ratios between the SW and NE lines of sight increase in a sequence ArH + , OH + , H 2 Cl + , H 2 O + , CH, and HF, consistent with our understanding that these hydrides trace gas with an increasing molecular fraction.
-The abundance ratios between OH + and H 2 O + are used to infer the fraction of molecular hydrogen and cosmicray ionization rate in the disk of the absorber. We find values (f H2 = 0.04 and 0.02; ζ H ∼ 2 × 10 −14 s −1 and ∼ 3 × 10 −15 s −1 for the southwest and northeast lines of sight, respectively) which are comparable to those in the Milky Way at similar galactocentric radii (∼ 2 kpc and ∼ 4 kpc, respectively). The slightly higher ionization rates found in the z = 0.89 absorber could be related to a higher average star formation activity than in the Milky Way.
-We revise the rest frequencies of H 2 O + lines, although precise laboratory microwave measurements are required to further increase the accuracy. been estimated is still limited. The ALMA observations of PKS 1830−211 presented in this paper allow us to investigate f H2 and ζ H in the disk of a distant z = 0.89 galaxy, and compare them to those in the Milky Way. With the discovery of new high-redshift molecular absorbers, such studies could be drastically extended with ALMA.
